Abstract-This paper presents self-sufficient control design and performance evaluation for a photovoltaic/thermal-assisted heat pump water heating (PVTA-HPWH) system. The developed PVTA/HPWH model was built by considering the reciprocal energy exchange of PVT eva orator and HPWH sys em. In addition, the power consumption of HPWH is self-sufficiently provided by PV electricity using a model-based control methodology. System performance is evaluated through a real field test. The results have demonstrated the power autarky of the proposed PVTA/HPWH system with better performance. In addition, good agreements between model simulation and experiment measurement demonstrate the proposed model with sufficient confidence.
I. INTRODUCTION
With ascending attention on the global warming and soaring cost of fuel, energy-efficient and environmentfriendly heating and cooling applications ranging from domestic and commercial to industrial sectors are of promising development. Most residential water heating systems are equipped with conventional water heaters that utilize fossil fuels or electricity to generate heat posed to negative impact on environment and low-efficiency energy conversion. With the characteristics of ubiquity, abundance, and sustainability, solar energy is currently considered the most prerequisite sustainable resource among the renewable energy alternatives with the growing increase of environmental awareness. Photovoltaic/thermal (PVT) solar collector that simultaneously produces electricity and heat is currently considered the most efficient device to harness the available solar energy. Kern and Russel [1] revealed the high COP value of PVT-SAHP system with the assistance of solar electricity and thermal energy. Ito and his team [2] - [3] have been continuously carried out experimental studies for the PVT-SAHP system. Ji and his team have conducted some experimental evaluation of PVT-SAHP system and validated with mathematical model [4] - [6] .
The refrigerant-based PVT devices feature the best conversion efficiency of solar energy over air-or water-based PVT technologies. The PVT evaporator has the advantages such as less area of, higher performance, and cogeneration of solar electricity and thermal heat. These have the potential to activate and promote the project of Million Rooftop PVs in Taiwan [7] as an optimal solution of limited residential space. Therefore, a prototype of PVT-assisted HPWH (PVTA-HPWH) system was implemented and studied. First, a building integrated PVT module is developed as a solar collector/evaporator and is integrated with HPWH system for the solar assisted HPWH applications. Then the mathematical model for the dynamics of PVTA-HPWH system including both electrical characteristics and thermodynamics of PVT evaporator and HPWH system, and their interaction of energy exchange would be built using Simulink software. The selfsufficient control of HPWH system is designed using modelbased methodology. The system performance is evaluated through the field test of a PVTA-HPWH system. II. SYSTEM DESCRIPTION The utility model patent of the novel PVTA-HPWH system was issued June 21, 2013 in Taiwan [8] . A schematic diagram of prototype system with rated power of 1 kWp is shown in Fig. 1 . 
A. PVT Evaporator Array
A roughed type of PVT evaporator of 200 Wp is developed with pre-coated steel as supporting structure, multi-port cooper tubes are adhered to the rear as thermal absorber, and polystyrene (PS) foam is laid beneath as insulator. Forty-eight 6" polycrystalline silicon solar cells of 4.186 Wp (Solartech Energy Corp.) were arranged in two rows of twenty-four solar cells in series. Solar cells are sandwiched between ETFT and PET that are directly laminated in a coating steel like a PV module. Five PVT evaporators were connected electrically in series and thermally in parallel.
B. PVTA-HPWH System
The PVTA-HPWH consists of a BIPVT evaporator array (I), a variable-frequency compressor (II), a condenser (III) immersed in a water tank, and an electronic expansion value (IV). The PVT evaporator is the solar electricity converter and thermal collector with refrigerant fluid of R134a. While flowing through the BIPVT evaporator (I), the refrigerant is directly vaporized. The direct expansion (DX) of refrigerant is expressed as the 4 1 process. In addition, the PVT evaporator provides solar electricity that can afford electricity for the consumption of compressor and other electric control unit (ECU) and instruments. The vaporized refrigerant is compressed in the compressor (II) as the 1 2 process and is further upgraded to an appropriate temperature for heating purpose. The high-grade heat is then delivered into the condenser (III) to reject the useful heat into water (2 3 process). After being condensed, the high-pressure refrigerant is sent to an electric expansion value (IV) where undergoes a throttling process and collects as low-pressure liquid. This is expressed as the 3 4 process. To lower the working temperature of PVT evaporator not only increases PV efficiency due to lower cell temperature also enhances high thermal efficiency with the heat recovery of ambient air. The rated power of PV electricity is designed enough to offer the power consumption of the HPWH system.
III. MODEL-BASED CONTROL METHODOLOGY

C. Mathematical Model
There are three energy transfer mechanisms involved in the PVT evaporator: PV effect that converts solar energy into solar electricity, thermal transportation that conveys solar thermal radiation into PVT collector and interchanges with ambient environment, and heat recovery that evaporates the refrigerant within the coil for the evaporation of HPWH system. Its dynamic equation is given by Solar Q is the net solar radiation reaching the PVT's front surface, Rad Q is the longwave radiation heat exchange in the background equivalent environment, Conv Q is the convective heat exchange between BIPVT front surface and ambient air, PVT P the BIPVT output power, and RF Q is the removed heat through refrigerant. The associate thermal coefficients can be found in Duffie and Beckon [9] and both thermal and electrical characteristics are well-developed in [10] .
D. Simulation Model
Based on the mathematical formulation of PVTA-HPWH system, the simulation model is built on the MATLAB/ Simulation environment. The proposed PVTA-HPWH model having direct interaction of PV electricity with the thermodynamics is built by a top-down methodology as shown in Fig. 3 . 
E. Simulation Model-Based Prediction Control
Having well-validated PVTA-HPWH model, the control gain can be found with the increase in solar irradiance from 0 to 1000 W/m 2 at the interval of 200 W/m 2 , and the ambient temperature from 20ºC to 40ºC at a 5ºC step. The control gains are listed in Table I and are built in Fig. 3b . The control gain is the function of solar irradiance and PVT temperature.
TABLE I MODEL-BASED PREDICTION CONTROL GAINS IV. EXPERIMENT EVALUATION
A. Experimental Test Rig
The experiment setup consists of the PVT array, a commercial PV inverter with a rated power of 1.5 kW, a HPWH system with a rated power of 1 kWp and water tank capacity of 200 liter, and some instrument. The PVT array was mounted in rooftop place and placed in a south-facing position with an inclination angle of 23.5°. Some instrument were used to measure A parameter and a was mounted at the same inclination of the PVT device to measure incident solar irradiation on the PVT plate. A temperature sensor (PT1000) was fixed to the rear surface of PVT module to obtain the cell temperature. The PV inverter has a good MPP tracker and PV electricity is fed into utility grid through a distribution box. Its SolarPower software provides the information of working voltage, output current and power of PV electricity. An electric control unit (ECU) in the HPWH system is designed to monitor and control the system operation according to its thermodynamics data, In addition, the ECU controls the input current and power consumption of compressor for autonomous operation based on the energy balance equation. A LabVIEW-based automated measurement system has been designed to automatically visualize the electric and thermal data of PV, the parameters of HPWH system, and surrounding conditions such as solar irradiance, ambient temperature, and wind speed. The sampling period is set at the interval of 1-minute.
B. Experimental Results
A one-hour measurement of the experiment rig was conducted from 12:00 to 13:00 for each day during June 2013. Therefore, the simulated and measured results of the output current and power the PVT collector are almost close to each other as represented in Fig. 4c . The maximal difference between the measured and simulated output current is 0.3 A and the RMS of difference is 0.1076 A. In addition, the maximal difference between the measured and simulated output power is 1.2 W and the associated RMS is 0.6305 W. Figure 4d shows the power consumption of the compressor of HPWH system and the result reveals PV electricity is enough to afford the compressor operation. The water temperature and energy in the water tank are depicted in Fig. 4e . The results of the difference and RMS analyses are listed in Table II . 
C. Performance Evaluation
From the viewpoint of energy utilization, the energy efficiency of the BIPVT/HPWH is the summation of efficiency of PV electricity conversion and thermal efficiency of water heating.
where CP P is the power consumption of compressor and CD Q is the heat transfer of a condenser. On the other hand, the comprehensive coefficient of thermal-to-electrical performance (COP) for the PVTA-HPWH system is defined as Figure 5 demonstrates the corresponding efficiencies of BIPVT device, including electrical, thermal, and the total efficiencies, for the sunny day. The associated COP of the overall PVTA-HPWH system is also represented in Fig. 6 . The efficiency of solar electricity is in the range of 12.2-12.5% with the average of 12.43% and the solar thermal efficiency is in the range of 73.70-74.00% with the average of 73.80%. The total efficiency of the PVT device is in the range of 86.18-86.27% with the average of 86.23%. It should be noted that some thermal energy is recovered from the surroundings because the PVT temperature is lower than the ambient one. On the other hand, the COP of the integrated BIPVT-HPWH system is in the range of 7.01-7.10 with the average of 7.09. With the temperature upgrade of PVT evaporator, the power consumption of compressor is relieved. In addition, the PV efficiency is enhanced due to the cooling effect of refrigerant. V. CONCLUSIONS In this paper a self-sufficient control design for a PVTA-HPWT system was proposed and validated under real weather conditions during June 2013. With a well-validated PVTA-HPWH model and the mass flow rate of refrigerant by the model-based prediction control, the results show that the proposed method has a sufficient confidence even in face of sunshine fluctuation. The swift change of weather condition has a little negative effect on the performance of PVTA-HPWH system. But it does not affect the normal operation of overall system for the viewpoint of dynamics. The solar electricity is able to provide the power consumption of compressor in the HPWH system. It would be better to have the power design of 20% margin for autonomous design, i.e., PV of rated power of 1.2 kWp for HPWH system of 1.0 kWp. Both daytime and long-term studies for different weather conditions will continue to be conducting for the evaluation of autonomy ability in the following period.
